We demonstrate the detection of ultrasound signals with 500-µm-diameter photonic-crystal slab (PCS) sensors fabricated from CMOS-compatible technology. An ultrasound signal impinging a PCS sensor causes a local modulation of the refractive index (RI) of the medium (water) in which the PCS is immersed, resulting in a periodic spectral shift of the optical resonance of the PCS. The acoustic sensitivity is found to scale with the index sensitivity S and quality factor Q. The frequency response of the sensors is observed to be flat from 1-20 MHz, with the range limited only by our measurement apparatus. A noise equivalent pressure (NEP) of 650 Pa is also measured.
The ability to measure ultrasound has many applications, ranging from biomedical imaging to nondestructive testing. The common workhorse for such applications is the piezoelectric transducer [1] , which uses the piezoelectric effect to both transmit and receive ultrasound signals. However, these devices suffer from narrow bandwidths, and poor sensitivity. Recently, work on capacitive micromachined ultrasound transducers (cMUTs), which are fabricated using CMOScompatible technology, has helped to improve signal detection bandwidths, but the detection and generation of ultrasonic signals nevertheless are still performed electrically. When placed into an array, both piezoelectric and cMUT devices experience significant electrical crosstalk [2] as well as electromagnetic interference (EMI) in general. Additionally, commercially available piezo electric arrays, due to miniaturization, have compromised sensitivity characteristics compared to their larger counterparts.
One solution to eliminating cross-talk and EMI is to detect the acoustic signals optically [3, 4] . Such implementations often couple the optical and acoustic signals using an optical cavity. The changes in the dimensions of the optical cavity due to the acoustic signal are then imprinted upon the optical reflectivity as an intensity (or phase) modulation. The use of an optical cavity can also help with miniaturization of the ultrasound sensor; given that the optical wavelengths used for interrogation are typically ( ≈ 1 µm) much shorter than the acoustic wavelengths measured, the ability of an optical field to interact with the acoustic signal over many round trips inside a resonator can result in much greater sensitivity.
The development of optical ultrasound sensors has been motivated primarily by their use in photoacoustics, a modality [5] in biomedical imaging that combines the benefits of both ultrasound and optical imaging. The delivery of high intensity laser pulses with mJ pulse energies and nanosecond pulsewidths at visible and near- * Electronic address: eric.zhu@utoronto.ca † Electronic address: ofer.levi@utoronto.ca infrared wavelengths into tissue causes the energy to be converted efficiently into ultrasound waves over a large frequency band. With the tissue essentially acting as an ultrasound 'source', the medium can be imaged in a way that would otherwise be inaccessible with conventional optical means. However, even with such large pulse energies, ultrasound signals can still be significantly attenuated after travelling through tissue, in some cases requiring sensors with detection levels below 100 Pa [6, 7] in order to be detected. As with conventional ultrasound imaging, an array of sensors is also required to form an image, necessitating the miniaturization of each sensor. The requirements of small size, high sensitivity, and large bandwidth cannot be satisfied by current piezo-electric or CMUT transducers, but they can be met with opticallybased sensors.
All-optical ultrasound sensors have been implemented in bulk Fabry-Perot resonators [8] , fiber Bragg gratings (FBG) [6] , and fiber-tip cavities [9] , with sensitivities nearing 10 Pa and bandwidths exceeding well over 20 MHz. Recent integrated solutions include surfaceplasmon resonance (SPR) devices [10] and microring resonator devices [11] with bandwidths exceeding 100 MHz and sensitivites below 25 Pa (respectively). These optical sensors, however, have several drawbacks; their fabrication methods may lead to significant device variability [9] [10] [11] , they may be extremely fragile [10] , or they may be difficult to incorporate into a multi-pixel device [6, 11] .
In this work, we demonstrate a refractive-index based approach [4] to measuring ultrasound signals in water with photonic crystal slab (PCS) sensors [12] [13] [14] . The sensors are 500 microns in diameter, observed to have noise equivalent pressures as low as 650 Pa with averaging, and an observed bandwidth from 1 MHz to 20 MHz. The fabrication of the device is also CMOS-compatible, meaning that creating an array of identical sensors is straightforward, with minimal device-to-device variation. The presence of multiple identical sensors on the same chip allows for a potentially straightforward way to obtain a multi-sensor array through spatial multiplexing. Furthermore, the footprint of the PCS sensor can be reduced (down to 100 µm) without impacting the sensi- A 10x optical microscope image reveals a 500-micron diameter region patterned with a dense array of nanoholes. b) A schematic showing that the nanoholes are arranged in a simple square lattice whose period a is approximately 1 micron; the hole radius r (held constant for each sensor) varies from 100 nm to 350 nm. A cross-section of the chip (not to scale) reveals that the PCS grating is written on a top layer of stoichiometric silicon nitride (Si3N4), which sits on top of a layer of silicon oxide (SiO2) and a thick silicon (Si) substrate. c) When used as an ultrasound (U/S) sensor, the front (PCS) side of the chip is immersed in water; the AR-coated backside is interrogated with a tunable laser source (TLS) that has been focused down to a 90 µm spot with the help of an f = 8 mm asphere and f = 75 mm planoconvex lens. A non-polarizing beam splitter (NPBS) re-directs the backreflected beam into a fast photodiode (PD). A polarizer (Pol) ensures only linearly-polarized light is launched into the sensor. tivity or frequency response; this is in contrast to other devices, such as piezoelectric transducers.
In what follows, we will investigate the physics behind the ultrasound sensing, and provide a path toward fabricating the next generation of PCS sensors that will have sensitivities rivaling the current state-of-the-art.
Our PCS devices are fabricated on a 15 mm × 15 mm silicon (Si) wafer with silicon dioxide (SiO 2 ) and stoichiometric silicon nitride (Si 3 N 4 ) layers ( Fig. 1 ). An optical microscope image of a single PCS is shown in Fig.  1a . It consists of a 500-micron diameter region of silicon nitride that has been patterned with nanoholes through electron beam lithography. The diameter (2r) and period (a) of these nanoholes (Fig. 1b ) determine the linewidth Γ, index sensitivity S, and central wavelength λ 0 of the optical resonance [12] . The lattice constant a is chosen to be approximately 1.0 micron to allow for the optical resonance to reside spectrally within the 1550 nm communications band. The nanohole diameter is varied from one PCS device to another to provide us with sensors of varying linewidths (quality factors Q) and sensitivities S. The various layers of the wafer/device are shown in Fig. 1b , with a thin bottom layer of Si 3 N 4 acting as an anti-reflection (AR) coating to allow for interrogation of the PCS from the backside with 1550 nm light. Experimentally (Fig. 1) , the PCS side of the sensor is immersed in water, and normal to incoming ultrasound produced by a piezoelectric transducer. The sensor is held in place with a 25 mm lens tube and custom holder to ensure that the backside of the device remains dry. A continuous-wave (CW) optical beam from a tunable laser source (TLS, Keysight 89160A) interrogates the PCS from the back side; the spot size of this beam is focused down to 90 microns, significantly smaller than the 500-micron sensor size. The back-reflected light from this interrogating beam is directed to a fast photodiode (PD in Fig. 1c ), a New Focus 1811 detector with a 3-dB bandwidth from DC to 125 MHz. The RF output of the photodiode is split with a bias-tee (not shown in Fig. 1c ) with the DC component used to measure the reflectance of the sample, and the AC (> 70 kHz) component used for ultrasound sensing. Both signal components are digitized with a 300 MHz bandwidth real-time digital oscilloscope.
To measure the acoustic sensitivity of our devices, a piezoelectric ultrasound transducer (UST) is placed below the PCS in a water tank filled with distilled water. The distance between the PCS and UST is adjusted depending on the acoustic frequency excited and size of the UST element; the distance is large enough so that the device measures the properties of the acoustic beam outside of the Fresnel zone, but short enough so that the acoustic beam diameter remains small (typically < 6 mm). The UST positioning in all three dimensions is optimized with the use of a translation stage. All USTs used in the experiment are calibrated beforehand with an Onda HMB-200 hydrophone, which has a flat frequency response from 1-40 MHz.
We now elaborate further on the sensing mechanism for our PCS device. An ultrasound pulse is essentially a time-varying pressure change δP(t) in the water medium; such a pressure change results in a modulation δn w of the local index of refraction of water, δn w = dnw dP ×δP (t); the value of dnw dP has been measured to be 1.38 × 10 −7 refractive index units per kPa (RIU/kPa) [15] . This change δn w causes the optical resonance of the PCS to shift spectrally, which is dictated by the index sensitivity S ≡ dλ0 dn of the sensor. When the interrogating light is set to a wavelength close to the optical resonance, the modulation δn w (and consequently, the ultrasound pulse) is mapped onto the backreflected optical intensity δR(t). Put together, we obtain the expression:
We note that Eqn 1 contains a pressure enhancement factor (1 + r) due to the water-PCS interface [1, 16] , where r (= 0.84) is the acoustic Fresnel reflection coefficient for water to silicon. The final term in Eqn. 1, dR dλ , is the reflectance slope of the PCS optical resonance; this, of course, assumes that we are working in the small perturbation regime (δλ ≪ Γ).
For a given resonance, the slope dR dλ varies depending on the wavelength of the interrogating laser, and Eqn 1 implies that the sharper the slope, the greater the acoustic sensitivity. Figure 2 demonstrates just that; where the optical reflectance (red plot) slope is greater, the acoustic sensitivity (blue data points) is also commensurately larger. The dotted blue line is the derivative dR/dλ, and agrees well with the acoustic sensitivity to within a constant factor. The acoustic signal for this experiment is provided by an Olympus immersion transducer (C326-SU) that, when driven with an amplified function generator, generates a Gaussian-shaped 1-microsecondlong (full width at half maximum, FWHM) pulse with a center frequency of 5 MHz and peak pressure of 156 kPa at the water-PCS interface. The inset of Fig. 2 shows a typical RF trace of the photodiode after the PCS has measured the ultrasound pulse; the acoustic sensitivity is taken to be the peak voltage of the trace. In order to overcome the intensity noise of the laser source at 1-20 MHz, this final trace is an average of 64 real-time traces. The properties of the PCS used for this measurement are given in Table I , in the column labeled 'High Q'.
We note that Eqn 1 can be re-written more generally in the form [17] :
where the reflectance slope dR/dλ in (1) has been replaced by the quality factor Q of the PCS optical resonance. We justify this by arguing that the value of Q would not only be proportional to the reflectance slope in the weak perturbative limit (small δP (t)), but would also capture the dynamics of the overall resonance in the presence of stronger pressure perturbations. Equation 2 suggests that given two different PCS devices, their acoustic sensitivities can be related to each other through the ratio of their respective S×Q products. In Fig. 3 , the optical signal strengths of two different PCS sensors present on the same 15 mm x 15 mm wafer ( Fig. 1 ) are plotted as a function of the peak applied pressure. Their optical properties are given in Table I ; one is labelled 'High Q', and the other 'Low Q'. The experimental procedure used in obtaining Fig. 3 is similar to what was used before; the interrogating wavelength for each sensor is optimized using the procedure from Fig. 2 . The acoustic excitation is once again a 1 µs-long Gaussian pulse with center frequency 5 MHz.
We notice several things in Fig. 3 . First, the PCS sensitivity remains linear over the 10-160 kPa pressure range, indicating a large dynamic range. Secondly, the sensitivity slope for the High-Q sensor is 3.2-fold greater than that of the Low-Q sensor; this corresponds to the S × Q ratio for the two sensors (Table I) . Also, the value of the acoustic sensitivity predicted by Equation 1 is within a factor of 2 of the experimentally-observed value for both PCS sensors, giving us high confidence that the ultrasound-sensing mechanism is in fact refractive indexbased. Lastly, the inset of Fig. 3 , which shows the optical signal strength for low pressure along with the measurement noise floor (grey horizontal line), provides us with a graphical means to gauge the noise-equivalent pressure (NEP) of each sensor. Not surprisingly, the NEP is three times worse (2.1 kPa) for the 'Low-Q' device compared to the 'High-Q' device (0.65 kPa). Equation 2 and Fig. 3 provide us with insight on how to improve the sensitivity of our sensors. By simply having a design for a PCS with an S × Q product that is 10fold greater, we would expect [17] a 10-fold improvement in the acoustic sensitivity. Previous work [13, 14] has shown such an improvement is readily achievable with only slight modifications to the device geometry. Additionally, the sensor can be further reduced in size from its 500-micron diameter, since the effective sensing re- gion, determined by the spot size of the interrogating optical beam, is only 90 microns wide. The acoustic frequency response of the PCS sensor from 1-20 MHz is assessed using three different immersion transducers. The transducers have center frequencies of 2.25 MHz, 5 MHz, and 15 MHz, and are responsible for generating ultrasound signals from 1-4 MHz, 4-8 MHz, and 8-20 MHz (respectively). At all frequencies, the transducers are excited with 2.5-microsecond Gaus-sian pulses (corresponding to a signal bandwidth of 0.18 MHz), and pre-calibrated with the same broadband hydrophone mentioned above. Figure 4 gives the normalized frequency response of the high-Q PCS sensor, which shows that the acoustic sensitivity of the PCS remains relatively flat (within 20%) over the 1-20 MHz range, with the exception of a sharp dip at 13.4 MHz. This dip is due to the silicon substrate (c = 8433 m/s [18] ) of the PCS acting as an acoustic oscillator for longitudinal waves; the thickness of the substrate (330 µm, Fig. 1 ) corresponds roughly to half the acoustic wavelength at 13.4 MHz in silicon. Similar dips have previously been observed in CMUT devices [19, 20] , and can be mitigated by either thinning down the substrate or by placing a backing layer behind it [21, 22] . While we have only been able to demonstrate a flat frequency response up to 20 MHz in this work, the limitation is due to the ultrasound sources available to us. We anticipate the acoustic frequency response of the PCS device to be much broader band, and plan to demonstrate this in future work with a broadband photo-acoustic ultrasound source. As with other optical ultrasound sensors [3, 4] , a bandwidth of up to 100 MHz may be possible with a smaller diameter PCS. Additional future work will include bundling many identical PCS sensors into an array. In place of free-space optical interrogation, each sensor can be fiber butt-coupled from the backside. By adding an elastomeric backing [22] that serves to also hold the fiber facets in place, an easily-moldable spatially-multiplexed sensor array requiring only a single interrogating light source can be realized.
In summary, we have demonstrated a photonic crystal slab-based ultrasound sensor that has a flat frequency response up to at least 20 MHz. We utilized the index-sensing capabilities of the slab to measure pressure changes on the order of 1 kPa. While other state-of-theart optically-based sensors have been shown to be more than an order of magnitude better, this work provides us with guidance on reaching greater sensitivities, simply by improving the index sensitivity S and quality factor Q of our PCS design. Additionally, the CMOS compatible nature of our sensors indicates that they can be massproduced in such a way that device variability would be minimized.
